Surfaces with re-entrant topographies can repel liquids even of extremely low surface tension, almost independently of the material's inherent wettability. We show that this topography-based wetting resistance can also be applied to underwater applications, reducing the permanent adhesion of marine hardfouling organisms. Having combined a biofouling assay in the marine environment with microscopic analyses, we demonstrate how a synergistic effect of a soft silicone-based material with a re-entrant mushroom-shaped surface topography strongly increases the fouling release ability of such coatings compared with a smooth control made from the same material. Our coating inhibited the complete wetting of the solidifying glues produced by marine organisms, which resulted in a decreased contact area and, consequently, low adhesion. Our work suggests that topographyinduced wetting resistance of surfaces may become a viable approach in preventing permanent adhesion of marine hardfouling organisms.
Introduction
The development of surfaces with novel (bioinspired) functional properties (e.g. self-cleaning, drag reduction, coloration) [1] has received considerable attention over the past decades. Typically, their functionality is achieved by a combination of certain material properties and surface micro-and nanostructures. A multitude of functions have been demonstrated in tribological [2] , opto- [3] and bioelectronic [4] , biomedical [5] , heat transfer [6] and aerodynamic [7] applications, especially by the class of re-entrant surface topographies (e.g. mushroom-shaped surface structures). Moreover, recent developments in super-repellent surfaces have shown that mushroom-shaped surface microand nanostructures can repel liquids even of extremely low surface tension (less than 20 mN m 21 ), almost independently of the material's inherent wettability [8] [9] [10] . Such topography-based wetting resistance was also demonstrated in multi-phase fluid systems, where superlyophobicity in oil -water systems was shown [11] . This effect could be of great interest in preventing marine biofouling, because sessile marine organisms usually use permanent adhesives (composed of proteins, lipids, carbohydrates, etc.) [12, 13] for their fixation to substrates in the marine environment, thus inherently being a multi-phase fluid system in itself. Although the production, composition and structure of these adhesives are different among organisms, they encounter the same obstacle in building up a strong and reliable adhesive joint: their glues have to readily wet all substrate materials prior to solidification [14] . Therefore, the attachment process to a surface submerged under water is a wetting problem.
Current conventional strategies to prevent sessile-living marine organisms such as barnacles or mussels (so-called hardfoulers) from settling on vessels or other maritime infrastructures mainly focus on the prevention of the initial settlement of organisms at the larval stage using toxic antifouling coatings [15] . This approach, however, contributes to ocean pollution by the constant emission of chemicals with potential ecological [16 -18] and economic consequences. The annual costs related to marine biofouling of global merchant shipping may be estimated to several billion US dollars [19] . Alternative non-toxic strategies to deter initial larval settlement include the application of coatings with various surface topographies such as pillars, ridges, bumps, honeycomb structures etc. (for reviews, see [20 -22] ). However, the overall result was that settlement could not be prevented ultimately, but only delayed. A different (non-toxic) strategy is targeted by so-called fouling release coatings, which are usually made from soft siliconebased materials [23] . The low adhesive strength of barnacles to such materials should allow an easy release of adult hardfouling organisms, e.g. due to drag produced by water flow [24] .
With this work, we show that a new synergistic approach combining an effective soft silicone-based fouling release material with a re-entrant surface microstructure inhibits the complete wetting of the marine bioadhesives on such coatings. Instead of preventing the initial larval settlement, we hereby intend to maximize the coating's fouling release ability by further reducing the overall attachment strength of the settled adult organisms.
Results and discussion
On a re-entrant surface covered with mushroom-shaped microstructures (MSMs) (figure 1a), we hypothesize that marine adhesives fail to wet the surface microstructure completely and only partial contact at the front surface prevails. By contrast, the cavities between a simple microstructured surface (figure 1b) may be filled completely with the adhesive, which would lead to an increase in total contact area and mechanical interlocking in the shear direction. To test our hypotheses, we analysed the morphology of the surface -adhesive interface of adult barnacles (Balanus improvisus) that have grown on surfaces covered with MSMs and micropillars (MPs) of the same dimension under natural conditions in the Baltic Sea, Kiel, Germany. Both rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180396 types of samples were made from polyvinylsiloxane (PVS, see Material and methods section), which is known to have good inherent fouling release properties due to its surface chemistry and low elastic modulus [23, 25] . High-resolution micro-computed tomography (micro-CT) confirmed our initial hypotheses. Cross-sectional scans from the central region of barnacles grown on MSMs (figure 1c) show the calcified basal plate (bright regions) located on the top of MSMs that can be clearly differentiated from their surrounding area (figure 1c). However, no microstructures are visible in the cross-sectional view of barnacles grown on MPs (figure 1d). Here, the calcified basal plate is also located on the top of MPs, but now the adhesive, which seems to have similar X-ray absorption properties compared to PVS, has almost completely embedded the MPs.
This difference in surface -adhesive interaction was also confirmed during analysis of the adhesive residue left by detached barnacles on both surfaces by scanning electron microscopy (SEM). Residue was rarely found on MSMcovered surfaces. The few times that residue was observed it was only visible as a thin layer located on the top of the microstructures (figure 1e), whereas on MPs the cavities between individual microstructures were completely filled with the barnacle adhesive (figure 1f ). To complete our microscopic analyses, we visualized intact basal plates of barnacles grown on both surfaces. Only shallow imprints were found on basal plates of barnacles detached from MSMs (figure 1g). By contrast, deep imprints and even MPs torn out were found in barnacles detached from MPs (figure 1h). This observation emphasizes the proposed strong mechanical interlocking between the barnacle adhesive and MPs. Finally, we performed a so-called 'pseudobarnacle experiment' (adapted from [26] ) in order to imitate the barnacle -substrate interaction during growth on these two surfaces. Droplets of fast curing PVS were applied on submerged surfaces covered with MSMs and MPs (figure 2). After complete polymerization, PVS droplets were removed. Visualization of the topography of imprints revealed the same result (figure 2) as imprints on natural basal plates ( figure 1g,h ). This result again highlights the potential advantage of an increased wetting resistance, induced by a re-entrant microstructure against permanent adhesion of hardfouling organisms.
In order to prove that this reduction in contact area due to a topography-based increased wetting resistance against marine adhesives actually enhances the fouling release ability under natural conditions, MSM-and MP-covered surfaces were exposed to the Baltic Sea, Kiel, Germany, for 17 weeks in total (see Material and methods section). As control surfaces, we additionally exposed flat, unstructured surfaces made from PVS and polymethylmethacrylate (PMMA). Barnacles were the dominant hardfouling organism during the entire field experiment, whereas mussels and tubeworms appeared only in the first eight weeks of exposure and were thus excluded from the analysis (see Material and methods section). To quantify fouling dynamics and the release of barnacles from the four different types of surfaces, the number of adult barnacles was determined weekly. In the first three weeks of exposure, only the control surfaces (figure 3a, black and red data points) were overgrown, whereas surfaces covered with MSMs and MPs just started to get fouled in week 4 (figure 3a, blue and yellow data points). This outcome confirms previous results which have shown that specific surface topographies can delay the initial settlement of marine organisms, but not prevent it [20] [21] [22] . Up to week 7 (figure 3a, dashed/dotted line), barnacle density (here the number of barnacles per 10 cm 2 ) steadily increased on all four surfaces. On both MSM-and MPcovered surfaces, the density was 0.7 per 10 cm 2 , whereas on flat PVS and PMMA control surfaces the density was 2.7 and 2.3 per 10 cm 2 , respectively. From week 7 to week 13, the number of barnacles on MSMs continuously decreased to 0. The barnacle density on the flat PVS control surface also started to decrease after week 7, and was 0.7 per 10 cm 2 in week 17. On MP-covered surfaces, the barnacle density stagnated at 0.7 per 10 cm 2 until the end of the experiment. Only the density on the PMMA control surfaces continued to increase to 4 per 10 cm 2 until week 17
( figure 3a) . However, the weekly determination of barnacle occurrence only represents a snap-shot of a dynamic process in rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180396 which new organisms are continuously settling and others are detaching, so that the barnacle density alone provides only a rough estimation of the actual fouling process. Therefore, we additionally calculated the accumulated number of settled barnacles per week (figure 3b), i.e. by adding the newly settled barnacles from week to week, ignoring detachment of older ones. With these data, we calculated the release-to-settlement (r/s) ratio for each sample type (figure 3c). The r/s ratio is the total number of released organisms to the total number of settled ones and is a measure of the fouling release ability of a surface. As all barnacles were released from the MSM-covered surfaces, r/s is 1 accordingly (with a total number of settled barnacles n ¼ 19). For the MP-covered surfaces r/s ¼ 0.58 (n ¼ 24) and for the PVS control surfaces r/s ¼ 0.88 (n ¼ 66). On the PMMA control surfaces, almost no barnacles detached during the experiment (r/s ( 0.1). Furthermore, we measured the basal plate size of barnacles prior to their detachment. As barnacles grow in size their cross-sectional area increases with respect to the flowing water and, thus, they experience a higher drag force [24] . As the experimental conditions were similar for all types of surfaces during the field experiment, the basal plate size prior to detachment (critical release size) of barnacles may therefore be regarded as a rough approximation of the adhesive strength on these surfaces ( figure 3d-f ). For MSMs, we observed a modal value of the critical release size between 0.1 and 0.2 cm 2 ( figure 3d ) and on the PVS control surfaces between 0.4 and 0.5 cm 2 (figure 3e). For MPs, we observed a modal value of the critical release size between 0.2 and 0.3 cm 2 ( figure 3f ) , which, at first sight, does not seem to correlate well with the determined release-to-settlement ratio (figure 3c). However, this discrepancy can be explained by the fact that on surfaces with MPs barnacles could only be released at early stages with comparably smaller basal plate sizes. At later stages, mechanical interlocking with the MPs became so strong that barnacles could not be released by the natural water flow or other sources anymore. If we also account for those barnacles that remained attached to the MPs after the end of the experiment (figure 3f ), another peak appears at a size of 0.5 -0.6 cm 2 , which is larger than the average size observed on the PVS control surface.
Comparing the accumulated number of settled barnacles on all types of surfaces (figure 3b), it became apparent that no new barnacles had started to settle on MSM-covered surfaces from week 7 onwards, whereas on all other surfaces the number of new barnacles increased until the end of the experiment. It is known that barnacle larvae (cyprids) tend to settle in colonies induced by production of pheromones and leave foot prints to attract others [27, 28] . Owing to the continuous reduction in barnacle numbers on MSM-covered surfaces, these surfaces may have become less attractive to settle on within our experimental set-up.
Another reason that could potentially reduce the attachment strength of adult barnacles on the re-entrant surface microstructure might be the remaining water in the cavities between individual microstructures. This water might permanently flow against the adhesive (figure 1a, black arrows) and may weaken the adhesive interface. Previous studies on barnacles grown on soft polymeric substrates suggested that the barnacle adhesive incorporates water during solidification and swells up [29 -31] . The constant water exposure on rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180396 such a re-entrant surface may maximize this swelling, soften the adhesive layer and reduce the resulting attachment strength [32] .
Finally, to test a possible application in the marine environment, several patches of the MSM-covered coating were applied to painted ship hulls of different sailing yachts (in collaboration with the Kieler Yacht Club, Kiel, Germany). Figure 4a shows one of the sailing yachts ('Arndt', 13.5 m long, type X-442, X-Yachts A/S, Haderslev, Denmark) with a patch applied to the keel. The yacht travelled roughly 2900 km in the Baltic and North Sea during April -October 2016. After the ship was removed from the water with intact coating, similar results to the field experiment were obtained (figure 4a). Barnacles initially settled on the MSM-covered coating, but they had not been able to stay attached to the surface. Former locations of attached barnacles are clearly visible as circular clean spots on the coating ( figure 4b, red circles) . The results shown in figure 4 are also representative for the patches applied to the other yachts.
Conclusion
The microscopic analysis, the results obtained from the field experiment and the application tests on the ships' hulls corroborate the impact of surface topography on the wetting of marine bioadhesives and the release of macrofoulers. Evidently, on re-entrant surface microstructures, the release of barnacles is effectively increased. At the same time, the wrong choice of microstructure geometry may even invert the beneficial effect of surface topography, as demonstrated by the results on the MP-covered surfaces. Moreover, because MSM-covered surfaces show lower initial settlement rates and a higher fouling release ability than the smooth control surfaces made from the same material, we prove that there is a synergistic effect between a soft silicone-based material and a specific surface topography. Minimizing the wetting of marine bioadhesives by optimizing the topography-based wetting resistance of a surface in the marine environment may become an important parameter in developing novel, ecologically friendly solutions against marine biofouling.
Material and methods

Micro-computed tomography
High-resolution micro-CT imaging was performed with a Skyscan 1172 micro-CT scanner (Bruker micro-CT, Kontich, Belgium). We captured 1800 X-ray projections over a 3608 rotation of a sample comprising barnacles still attached to the substrates. The X-ray tube was operated at a voltage of 50 kV and a current of 100 mA. Virtual image stacks of cross-sectional images were reconstructed using the software NRECON (Bruker micro-CT, Kontich, Belgium). The reconstructed cross-sectional images had a pixel resolution of 1.47 mm.
Scanning electron microscopy
Samples were sputter-coated with a 10 nm thin gold -palladium layer. Images from the basal plates and the surfaces were taken with a Hitachi-4800 high-resolution scanning electron microscope (Hitachi High-Technologies Corp., Tokyo, Japan) at an accelerating voltage of 3 kV.
'Pseudobarnacle' experiment
Fast curing two-component PVS (Colthène/Whaledent AG, Altstätten, Switzerland) was used for imitating barnacle cement. rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180396
Liquid droplets of PVS were applied to submerged surfaces covered with MSMs and MPs and then allowed to completely cure. The water showed similar salinity to the value observed in the Baltic Sea. All experiments were performed at a water temperature of 208C. Imprints of the fast curing PVS were examined with a confocal laser scanning microscope Zeiss LSM 700 (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with an upright microscope (Zeiss Axio Imager.M1 m). The surface topography of the imprints was visualized using a 405 nm laser.
Sample preparation
Samples with MSMs (figure 5a) [2, 33] were made from PVS and consist of around 29 000 hexagonally distributed microstructures per square centimetre. Individual microstructures cover about 50% of the apparent contact area. Front surfaces of individual microstructures have a diameter of approximately 50 mm. MPcovered surfaces (MPs, figure 5b) were identical to MSMs, but without the terminal end structures. PVS moulds of a glass surface as well as flat PMMA plates were used as control panels.
Field test and evaluation of biofouling
A plastic barrel with a height of 120 cm and a diameter of 50 cm was used to protect the samples from predators, high currents and other foreign matter (e.g. flotsam) (figure 5a). To enable proper water exchange, holes with a diameter of 15 cm were cut into the barrel. A plastic net was fastened around the barrel as additional protection. The barrel was deposited at a depth of around 40-50 cm below the water surface. Inside the barrel, seven PMMA pipes were used as mounting ribs for the sample holders (figure 6b). The PMMA sample holders had a length of 11 cm and a width of 8 cm. The window defining the testing area was 8 cm in length and 5 cm in width (figure 6c). In total, 15 samples including six MSMs-covered surfaces, three MP-covered surfaces, three flat PVS control surfaces and three flat PMMA control surfaces (empty sample holders) were tested. Figure 7 . (a) Temperature and salinity and (b) occurrence of mussels, tube worms and barnacles per 10 cm 2 during the field experiment on PMMA control surfaces. The y-axis is interrupted for better visualization. of 1 -2 m s 21 could have been possible during the experiment. However, even smaller velocities are to be expected within the barrel. Each week, all samples were photographed and settled barnacles were tracked individually for the complete duration of their attachment. The samples were kept in fresh seawater during image acquisition, so that only photographed samples were exposed to air for approximately 1 min. All samples were then mounted back inside the barrel and re-exposed in the Baltic Sea. Abiotic factors, including water temperature and salinity, were measured with a conventional portable conductivity meter WTW Cond 3310 (WTW Wissenschaftlich-Technische Werkstätten GmbH, Weilheim, Germany) on a weekly basis (figure 7a). The total number of barnacles was counted for each sample. Barnacle base plate size was measured using ImageJ software (US National Institutes of Health, Bethesda, MD, USA). An error of one barnacle per sample during counting is assumed, i.e. 0.25 barnacles per 10 cm 2 . Barnacles that had been detached on account of predation could be tracked by alterations of the surrounding biofilm and were excluded from calculations of the release-to-settlement ratio. Figure 7b shows the occurrence of mussels, tube worms and barnacles per 10 cm 2 on flat PMMA control surfaces. Although mussels were the most dominant macrofouling organisms during the first weeks of exposure, their occurrence is strongly reduced at later stages of the experiment. Tube worms also settled more frequently than barnacles from weeks 4 to 6. However, their occurrence also strongly decreased at later stages of the experiment and were almost completely absent from week 10 onwards. Owing to the fact that both mussels and tube worms disappeared from the PMMA surfaces, a material without any specific fouling release ability, we excluded them from further investigation. 
